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Introduction

Surface or endosomal toll-like receptors (TLR) are key
(PRRs)
microorganisms in innate immunity. Host immune
recognition of viruses during infections relies mainly on a

pattern recognition receptors

Summary

Viral replication in the liver is generally detected by cellular endosomal
Toll-like receptors (TLRs) and cytosolic helicase sensors that trigger
antiviral inflammatory responses. Recent evidence suggests that surface
TLR2 may also contribute to viral detection through recognition of viral
coat proteins but its role in the outcome of acute viral infection remains
elusive. In this study, we examined in vivo the role of TLR2 in acute
infections induced by the highly hepatotrophic mouse hepatitis virus
(MHV) type 3 and weakly hepatotrophic MHV-A59 serotype. To address
this, C57BL/6 (wild-type; WT) and TLR2 knockout (KO) groups of mice
were intraperitoneally infected with MHV3 or MHV-A59. MHV3 infection
provoked a fulminant hepatitis in WT mice, characterized by early mor-
tality and high alanine and aspartate transaminase levels, histopathological
lesions and viral replication whereas infection of TLR2 KO mice was
markedly less severe. MHV-A59 provoked a comparable mild and subclin-
ical hepatitis in WT and TLR2 KO mice. MHV3-induced fulminant
hepatitis in WT mice correlated with higher hepatic expression of inter-
feron-f, interleukin-6, tumour necrosis factor-a, CXCL1, CCL2, CXCL10
and alarmin (interleukin-33) than in MHV-A59-infected WT mice and in
MHV3-infected TLR2 KO mice. Intrahepatic recruited neutrophils, natu-
ral killer cells, natural killer T cells or macrophages rapidly decreased in
MHV3-infected WT mice whereas they were sustained in MHV-A59-
infected WT mice and MHV3-infected TLR2 KO. MHV3 in vitro infection
of macrophagic cells induced rapid and higher viral replication and/or
interleukin-6 induction in comparison to MHV-A59, and depended on
viral activation of TLR2 and p38 mitogen-activated protein kinase. Taken
together, these results support a new aggravating inflammatory role for
TLR2 in MHV3-induced acute fulminant hepatitis.

Keywords: coronavirus; inflammation; Toll-like receptor-2; viral hepatitis.

combination of endosomal Toll-like receptors (TLR3, -7/
8, -9) and cytosolic helicases retinoic acid inducible gene
(RIG-1) and melanoma differentiation-associated protein
(MDA-5) that sense viral RNA or DNA and trigger sig-
nalling pathways leading to inflammatory cytokines,

of infectious

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; CCL, chemokines CXCL; Fgl-2, fibrinogen-like protein;
FHF, fulminant hepatic failure; HBC, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; HPRT,
hypoxanthine ribosyltransferase; IFN-o/f3, interferon-o/f; IL, interleukin; i.p., intraperitoneally; KO, knockout; LSECs, liver sinu-
soidal endothelial cells; MAPK, mitogen-activated protein kinase; MDA-5, melanoma differentiation-associated protein; MHYV,
mouse hepatitis virus; MNCs, mononuclear cells; m.o.i., multiplicity of infection; NK cells, natural killer cells; NK-T cells, natural
killer-T cells; p.i., post-infection; PRR, pattern recognition receptor; RIG-1, retinoic acid inducible gene; siRNA, small interfering
RNA; TGF-f, transforming growth factor ff; TLR, Toll-like receptor; TNF-o, tumour necrosis factor o; WT, wild-type
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chemokines and antiviral type 1 interferon (IFN-o/f)
production (reviewed in ref. 1).

Increasing evidence has shown that surface TLRs, such
as TLR2 or TLR4, may also trigger acute inflammatory
responses against viral infections through recognition of
viral coat or core proteins.” Activation of surface TLR-
dependent signalling pathways leads to the production of
various chemokines involved in the recruitment of natu-
ral killer (NK) cells, macrophages, neutrophils and B- and
T-cell subsets (reviewed in ref. 5). Higher expression of
TLR2 and/or TLR4 and up-regulation of inflammatory
factors have been observed in macrophages in vitro
infected by some viruses such as human immunodefi-
ciency virus (HIV),*® influenza virus,’ hepatitis C virus
(HCV),* hepatitis B virus (HBV),'° severe acute respira-
tory syndrome virus'' and several herpes viruses.'> '
TLR2 and/or TLR4 have also been involved in the induc-
tion of high inflammatory responses during acute viral
infections. Indeed, TLR2 and TLR4 increase the suscepti-
bility to rotavirus infections in infants'> and TLR2 was
suggested as an aggravating inflammatory factor in herpes
virus infections.'>'*

Recent studies have also reported an over-expression of
TLR2 in the liver and on monocytes from HCV- or
HCV/HIV-infected patients correlating with hepatic
inflammation and damages, suggesting a role for TLR2 in
hepatitis-associated inflammation.'®'” HCV and HBV
infections present subclinical to severe acute-phase pat-
terns that may lead to viral clearance or evolve towards
chronic infections (reviewed in ref. 18). For reasons that
are not well understood, few cases of acute infections
progress into fulminant hepatic failure, characterized by
extensive necrosis and hepatocellular dysfunction, exacer-
bated inflammation and high mortality rate."” Hepatic
lesions occurring during viral infections are primarily
related to virally triggered host inflammatory responses
(reviewed in ref. 20) and depend on a poorly elucidated
balance between innate immune cell-virus interactions
and the control of viral replication that is critical in the
outcome of hepatitis. The contribution of TLR2 in antivi-
ral defences and inflammatory responses during acute
hepatic viral infections is unknown and needs investiga-
tion.

The mouse hepatitis viruses (MHV), belonging to the
coronavirus group, induce acute or subclinical hepatitis,
neurological, respiratory or/and enteric diseases in mice
according to serotypes.”’ The highly hepatotrophic
MHV3 serotype is a relevant model for studying virus-
induced inflammatory disorders during acute hepatic
infections as it induces fulminant lethal hepatitis in
C57BL/6 mice within 4 days post-infection (p.i.)*
whereas the weakly hepatotrophic MHV-A59 serotype
induces a subclinical hepatitis and is rapidly cleared in
the liver.”> Within 72 hr of infection, liver dysfunction in
MHV3-infected mice results from several foci of extensive
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necrosis®* in contrast to that observed in the liver of mice
infected with the MHV-A59 serotype.”> All MHV sero-
types use the CEACAMI1a molecule as viral receptor for
infection of host cells through interaction with their viral
surface (S) protein.”® It was previously demonstrated that
the differential levels of viral replication and hepatitis
induced by the MHV serotypes were largely related to the
viral S protein,”” suggesting that interactions of the S pro-
tein with molecules other than CEACAMIla may reflect
their virulence for liver.

Peritoneal macrophages are the first viral cell target
during MHYV infection, followed by liver cells such as
hepatocytes, macrophages, liver sinusoidal endothelial
cells (LSECs) and Ito cells.***® Intrahepatic macrophages,
LSECs as well as NK and NK T cells are considered as
major contributors to antiviral responses and release of
cytokines/chemokines in the liver upon viral infection.*
During MHV3 acute infection, inflammatory mediators
such as tumour necrosis factor-oo (TNF-o), interleukin-1
(IL-1), transforming growth factor-f (TGF-f), leuko-
triene B4 and mouse fibrinogen-like 2 (Fgl-2) protein are
strongly produced by infected macrophages, correlating
with the severity of hepatitis.”® Accordingly, depletion of
macrophages was reported to protect against the fulmi-
nance of hepatitis,” suggesting that exacerbated inflam-
matory responses are an aggravating factor during MHV3
infection. In addition, the intrahepatic tolerance sustained
by IL-4, IL-10, TGF-f and prostaglandin E, is also dis-
turbed.” In contrast, it has been suggested that macro-
phages would rather contribute to the lower gravity of
hepatitis and viral clearance during MHV-A59 infection,
presumably through a rapid type 1 IFN-dependent sup-
pression of viral replication.” It was demonstrated that
the induction of IL-6 and TNF-a in peritoneal macro-
phages infected by MHV3 depended on the fixation of
the viral surface (S) protein to TLR2.3* Previous in vivo
studies also revealed higher levels of IL-6 and TNF-« in
livers from MHV3-infected C57BL/6 mice than TLR2
knockout (KO) mice, suggesting an inflammatory role for
TLR2 in MHV3 infection.”® Hence, the ability of MHVs
to ligate and activate TLR2-dependent inflammatory
pathways in the liver may represent one determining and
differential factor involved in their virulence.

In this study, we demonstrated that the severe acute
hepatitis provoked by the highly hepatotrophic MHV3
but not by the weakly hepatotrophic MHV-A59 serotype,
is aggravated by TLR2 in the liver, as demonstrated by
significantly higher mortality, liver injury, viral replica-
tion, levels of inflammatory cytokines and chemokines as
well as disturbances in intrahepatic neutrophils, macro-
phages, NK and NK T-cell recruitment in MHV3-infected
wild-type (WT) but not infected TLR2 KO mice or
MHV-A59-infected WT mice. Through in vitro infection
of macrophagic cells, we showed that rapid and higher
viral replication and/or IL-6 induction by MHV3, in
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comparison to MHV-A59, depended on activation of
TLR2 and p38 mitogen-activated protein kinase (MAPK),
pointing out macrophages as one source of TLR2-depen-
dent inflammatory responses in MHV3 infection.

Material and methods

Mice

Female C57BL/6 (Charles River, St Constant, Qc, Canada)
and TLR2 KO (C57BL/6 background, Jackson Laboratory,
Bar Harbor, MA) mice were housed in a HEPA-filtered
air environment. All experiments were conducted with
mice between 8 and 10 weeks of age in compliance with
the regulations of the Animal Committee of the Univer-
sity of Quebec at Montreal (CIPA-no.641).

Viruses and cells

Highly hepatotrophic MHV3 is a cloned substrain isolated
from the liver of MHV3-infected DBA2 mice.”> Weakly
hepatotrophic MHV-A59 serotype was obtained from the
American Type Culture Collection (Rockville, MD). Both
viruses were produced in L2 cells as previously described®*
and used within three passages. Pathogenic properties of
MHV3 were assessed routinely. The mouse fibroblastic L2
cell line used for virus production and titration was grown
in RPMI-1640 supplemented with 10% fetal calf serum
(GIBCO Laboratories, Grand Island, NY) and antibiotics.
Murine macrophagic cells J774A.1 (TIB-67T™) were grown
in RPMI-1640 supplemented with L-glutamine, antibiotics
(GIBCO Laboratories) and 5% fetal bovine serum (Gemini
Bio-Products, Woodland, CA). All cells were passaged
before reaching 85% confluence.

In vivo viral infections

Groups of six or seven WT C57BL/6 and TLR2 KO mice
were infected intraperitoneally (i.p.) with 10° TCIDs, of
MHV3 or MHV-A59. Mock-infected mice received a sim-
ilar volume of PBS. Clinical signs and survival percent-
ages were recorded and mice were killed when clinical
signs reached limit points as determined by CIPA regula-
tions. In other experiments, mice were killed by CO,
anoxia at 24, 48 and 72 hr p.i. without regard for clinical
signs. Liver and blood samples were collected and pro-
cessed for further analyses.

Histopathological, transaminase activity and immunohis-
tochemical analyses

The histopathological analysis of liver was performed
using haematoxylin & eosin—safran staining. Levels of
serum alanine and aspartate transaminases (ALT and
AST) were assessed according to the IFCC primary
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reference procedures using Olympus AU2700 Autoanaly-
ser® (Olympus Optical, Tokyo, Japan). Immunolocaliza-
tion of IL-33 or CXCL10 was performed by histochemical
staining using primary goat anti-mouse-IL-33 and anti-
CXCL10 (R&D Systems, Minneapolis, MN) and
secondary horseradish peroxidase-conjugated rabbit anti-
goat antibody for IL-33 (Dako, Markham, Ont., Canada)
and OmniMap anti-Rabbit-horseradish peroxidase (RUO)
for CXCL-10 followed by haematoxylin counterstaining
in a Ventana machine (Ventana Medical Systems, Inc.
Tucson, AZ), as previously described.”® Counting of
necrotic areas and inflammatory foci was carried out on
liver areas of 15-30 mm® using the NDP.2 view image
analysis software (Hamamatsu Photonics K.K., Japan).

In vitro viral infections

J774A.1 cells were infected with MHV-A59 or MHV3 at a
multiplicity of infection (m.o.i.) of 0-1-1 or treated with
the synthetic bacterial ligand for TLR1/2 (Pam;CSK4)
(InvivoGen, San Diego, CA). Infections were conducted
in a minimal volume of fresh complete medium for the
first 2 hr and then incubated at 37° in 5% CO, atmo-
sphere for various times p.i. according to experiments.
Supernatants were collected and kept at —80° for subse-
quent viral titration and/or ELISA tests. Total cell RNA
was extracted from cell culture and prepared for subse-
quent RT-PCR analysis.

RNA interference treatments

J774A.1 cells were plated in 24-well plates at 6 x 10* cells
per well and transfected with 25 nm of mouse CEACAM1
small interfering RNA (siRNA) FlexiTube premix (Qia-
gen, Cambridge, MA) (Mm_Ceacaml1_3: CACACTCATG-
CATTCACTCTA) and/or mouse TLR2 (Mm_TIr2_4:
CTCGTTCTCCAGCATTTAAA) for at least 24 hr before
infection. Negative and positive siRNA controls (AllStars
Negative Control siRNA and Ctrl_AllStars_3,respectively,
Qiagen), were added to all transfection experiments. Syn-
thetic bacterial ligand for TLR1/2 (Pams;CSK4) (Invivo-
Gen San Diego, CA) was used as TLR2-positive control
for cytokine production.

RNA isolation and quantitative RT-PCR

Total RNA from frozen liver samples of C57BL/6 and
TLR2 KO mice was extracted using TRIzol reagent (Invit-
rogen, Burlington, Ont., Canada) and residual genomic
DNA was removed with the Turbo DNA-free kit
(Ambion, Austin, TX). Cell culture RNA was extracted
with the NucleoSpin® RNA II kit (Macherey-Nagel
GmbH & Co. KG, Diiren, Germany). One microgram of
RNA was retro-transcribed into cDNA using the high-
capacity cDNA reverse transcription kit (Applied
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Biosystems, Foster City, CA). Real-time PCR amplification
was carried out on 25 ng cDNA using the HotStart-ITt™
SYBR® Green qPCR Master Mix (USB Corporation,
Cleveland, OH) on an ABI 7300 system (Applied Biosys-
tems). Threshold cycle values (Ct) were collected and used
for ‘AACt analysis. Specific primers for hypoxanthine
phosphoribosyltransferase (HPRT), MHV-nucleocapsid,
TLR2, TLR3, TLR4, TLR7, MDA-5, RIG-1, IFN-f, IL-6,
TNF-a, 1L-33, Fgl-2, CXCL1, CXCL10 and CCL2 were
used (Table 1). The relative gene expression was normal-
ized to HPRT as endogenous control and expressed as a
ratio to gene expression in mock-infected mice livers
(arbitrarily taken as 1). The specificity of the PCR
products was confirmed by melting curve analyses.

ELISAs

Frozen liver samples from C57BL/6 and TLR2 KO mice
were weighted and homogenized in Nonidet-P40 lysis
buffer (Invitrogen) completed with a protease inhibitor
cocktail and 1 mm PMSF (Sigma Aldrich, St Louis, MA)
for protein extraction. Liver suspension was kept on ice
for 30 min and centrifuged for 10 min at 1000g. Deter-
mination of IFN-f (PBL, Piscataway, NJ), IL-6, TNF-«
(BD Biosciences, Mississauga, Ont., Canada), and CXCL1,
CXCL10, CCL2 (eBiosciences, San Diego, CA) levels in
liver lysates or cell culture supernatants was carried out
according to the manufacturers’ procedures.

p38 MAPK assay

The p38 MAPK activity has been evaluated in J774A.1
cells plated in 24-well plates at 3 x 10* cells per well
24 hr before infections with MHV-A59 or L2-MHV3 at
an m.od. of 5. At 5, 15, 30, 45 or 60 min p.i,

Table 1. Primer sets used for quantitative RT-PCR

TLR2 exacerbates murine acute viral hepatitis

supernatants were collected and frozen at —80°, and the
cells were washed three times with cold PBS once before
RNA and protein extraction. Activity of p38 MAPK in
in vitro infected cells was evaluated by phosphorylation
(T180/Y182) levels with the ELISA ONErm kit (TGR
BioSciences, Thebarton, Australia) according to the man-
ufacturer’s indications. Values are expressed as percentage
of phosphorylated p38/ total p38 relative to cellular
control.

Virus titration

Frozen liver samples from 24-hr and 72-hr MHV3- or
MHV-A59-infected C57BL/6 or TLR2 KO mice were
weighted and homogenized in cold PBS. Suspension was
then centrifuged at 1000g for 30 min, 10-fold serial-diluted
and tested for viral detection on L2 cells cultured in 96-well
plates. Cytopathic effects were recorded at 72 hr p.i. and
virus titres were determined according to the Reed—
Muench method and expressed as log;, TCIDs,,.

Cytofluorometric studies

Livers were perfused with PBS through the portal vein to
remove blood cell contamination before dissection. After
homogenization of liver tissue and elimination of hepato-
cytes by sedimentation, immune cells were purified using
35% Percoll gradient (Sigma Aldrich) and red blood cells
were lysed with a Tris-buffered ammonium chloride solu-
tion. Mononuclear cells (MNCs; 10° cells) were incubated
with anti-CD16/32 antibodies (BD Biosciences) to block
non-specific binding. Cells were then incubated with opti-
mal dilutions of anti-CD3-V500, anti-Grl-V450, anti-
CD11b-phycoerythrin-Cy7,  anti-CD19-allophycocyanin,
anti-CD4-FITC, anti-NK1.1-Peridinin chlorophyll

Gene Forward primer Reverse primer

HPRT 5'-GAAAGACTTGCTCGAGATGTCATG-3 5'-CACACAGAGGGCCACAATGT-3
IEN-f 5-CGGACTTCAAGATCCCTATGGA-3 5'-TGGCAAAGGCAGTGTAACTCTTC-3
IL-6 5'-TCGGAGGCTTAATTACACATGTTC-3 5'-TGCCATTGCACAACTCTTTTCT-3
TNF-o 5-TCCCAGGTTCTCTTCAAGGGA-3' 5-GGTGAGGAGCACGTAGTCGG-3
CCL2 5-GCAGCAGGTGTCCCAAAGAA-3 5'GGTCAGCACAGACCTCTCTCTTG-3'
CXCL10 5'-GGCCATAGGGAAGCTTGAAAT-3' 5'-TCGTGGCAATGATCTCAACAC-3'
TLR2 5'-CCCTGTGCCACCATTTCC-3' 5'-CCACGCCCACATCATTCTC-3'

TLR3 5'-TGGGCTGAAGTGGACAAATCT-3 5'-TGCCGACATCATGGAGGTT-3'

TLR4 AGCTTCAATGGTGCCATCATT CCAGGTGCTGCAGCTCTTCT

TLR7 5'-CAGTGAACTCTGGCCGTTGA-3 5'-CAAGCCGGTTGTTGGAGAA-3
MHV-N 5'-TGGAAGGTCTGCACCTGCTA-3' 5'-TTTGGCCCACGGGATTG-3'

RIG-I 5'-GCCAGAGTGTCAGAATCTCAGTCAG-3' 5'-GAGAACACAGTTGCCTGCTGCTCA-3
MDA-5 5'-GCCCTCTCCTTCCTCTGAGACT-3' 5'-GCTGGAGGAGGGTCAGCAA-3'
IL-33 5'-GCTGCGTCTGTTGACACATTG-3 5'-GGGAGGCAGGAGACTGTGTTAA-3
Fgl-2 5'- CGTTGTGGTCAACAGTTTGGA-3' 5'- GATGTTGAACCGGCTGTGACT-3
CXCL1 5'-CCGAAGTCATAGCCACACTCAA-3 5'-CAAGGGAGCTTCAGGGTCAA-3'

© 2016 John Wiley & Sons Ltd, Immunology, 149, 204-224
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protein-Cy-5.5 and anti-CD8-allophycocyanin-Cy7 antibod-
ies (BD Biosciences) and fixed in PBS containing 2% fetal
calf serum, 0-01 M sodium azide and 2% formaldehyde.
Stained cells were analysed on a FACS Aria II® flow cytome-
ter using BD FACS Diva software (BD Bioscience) and the
data were processed using CXP software (Beckman Coulter,
Mississauga, Ont, Canada). Dead cells and doublet cells were
excluded on the basis of forward and side scatter and analy-
ses were performed on 10 000 events recorded. Myeloid cells,
gated by high side scatter, were assessed for CD11b and Grl
to enumerate macrophages (CD11b* Gr1™") and neu-
trophils (CD11b" Gr1"®). Lymphoid cells were gated
according to forward and side scatter and first assessed for
NK1.1 and CD3 expression to discriminate NK from NKT
cells. CD3" NK1.1™ T cells were further gated to allow deter-
mination of CD4" and CD8" subpopulations. B lymphocytes
were determined by CD19" CD3™ expression (see Supple-
mentary material, Fig. S1).

Statistical analyses

Data obtained from in vivo experiments were expressed as
means + SEM. Multiple group analyses for PCR, ELISA and
viral titres data were evaluated by one-way analyses of vari-
ance test with post-hoc Tukey test using PASW StatisTics
software (PASW version 18, IBM SPSS Inc. Chicago, IL).
Survival curve comparisons were performed using the Log
Rank test. Analysis of in vitro results was performed using
Student’s t-test to evaluate the statistical significance of differ-
ences between infected or treated cells and uninfected or
untreated cells. All results are shown as means + standard
error. Values of P < 0-05 were considered as significant.

Results

Higher hepatic damage and viral replication in the
liver of MHV3-infected than MHV-A59-infected mice

To confirm that the highly hepatotrophic MHV3 induces
more dramatic hepatic lesions than the weakly virulent
MHV-A59 serotype following i.p. inoculation, groups of
C57BL/6 mice were infected with both viruses, livers were
collected at 24-72 hr p.. and histopathological analysis,

viral replication and IFN-f} production levels were recorded.
Histopathological analysis of livers from MHV3-infected
mice revealed few inflammatory cells surrounding necrotic
foci as soon as 24 hr p.i. [Fig. la (i)]. Presence of inflamma-
tory cells, however, was reduced from 48 hr p.i. whereas
necrotic foci extended until 72 hr p.i. [Fig. 1a (ii, iii)]. No
inflammatory foci were observed in livers from mock-
infected mice (results not shown). Larger inflammatory foci,
however, were observed in liver from MHV-A59-infected
mice up to 48 hr p.i. without extensive necrosis areas as
seen in MHV3-infected mice (P < 0-01) [Fig. la (iv—vii)].
Extensive hepatic lesions in mice infected by MHV3 corre-
lated with higher levels of AST and ALT at 72 hr p.i. than in
MHV-A59-infected mice [Fig. 1b (i, ii)] (P < 0-001).

Viral replication, as evidenced by nucleocapsid RNA
levels and viral titres, increased more in the liver of
MHV3-infected mice when compared with mice infected
with MHV-A59 (P < 0-05 to P < 0-001) [Fig. 1b (iii, iv)].
MHV3 replication in the liver increased throughout infec-
tion despite higher IFN-f production (P < 0-001)
[Fig. 1b (v, vi)]. Such lower viral replication of MHV-
A59, however, did not result from an increase in IFN-f,
since lower mRNA levels and production of IFN-f; were
detected in the liver of MHV-A59-infected. No increase
in IFN-o transcription has been observed in both MHV3-
and MHV-A59-infected mice (results not shown).

Higher expression of TLR2 over other TLRs and
helicases in the liver of MHV3- than MHV-A59-
infected mice

Several endosomal TLRs and helicases are simultaneously
activated and up-regulated upon viral infection, triggering
inflammatory responses (reviewed in ref. 1). We explored
the hypothesis that MHV3 infection may induce higher
expression of TLRs or helicase genes in the liver than
MHYV-A59. Hence, kinetics of transcription levels of surface
TLR2 and TLR4, endosomal TLR3 and TLR7, and helicase
RIG-1 and MDA-5 genes have been assessed by quantitative
RT-PCR in the liver of infected mice from 24 to 72 hr p.i.
and expressed as mRNA fold changes relative to levels in
mock-infected mice. As shown in Fig. 2(a), TLR2 gene
expression steadily increased over the course of infection

Figure 1. Mortality, hepatic damages and viral replication during murine hepatitis virus 3 (MHV3) and MHV-A59-induced hepatitis in C57BL/6
mice. Groups of six or seven C57BL/6 mice were intraperitoneally (i.p.) infected with 1000 TCIDs, of MHV3 or MHV-A59. Percentages of sur-
viving mice were recorded at various times post-infection (p.i.). (a) (i-vi) Histopathological analysis was conducted on livers at 24, 48 and 72 hr
p.i. (vii) Histological analysis of inflammatory foci in liver from MHV3- or MHV-A59 infected C57BL/6 mice. (b) Serum samples from infected
mice were assayed for aspartate transaminase (AST) and alanine transaminase (ALT) activity from 24 to 72 hr p.. (i, ii). MHV3 or MHV-A59
replication in livers of infected mice was determined by analysis of the nucleoprotein (MHV-N) RNA expression from 24 to 72 hr p.i. by quanti-
tative RT-PCR, and values represent fold change in gene expression relative to mock-infected mice after normalization with HPRT expression
(iii). Viral titration (TCIDs,) in liver was assayed at 24 and 72 hr p.i. (iv). mRNA fold increases for interferon-f (IFN-f) were evaluated by
quantitative RT-PCR in livers of MHV3- or MHV-A59 infected mice. Values represent fold change in gene expression relative to mock-infected
mice (arbitrary value of 1) after normalization with HPRT expression (v). Production levels of IFN-f were quantified by ELISA test at 72 hr p.i.
in livers (vi). Results are representative of two different experiments. (¥*P < 0-05; **P < 0-01; ***P < 0-001).
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with MHV3 reaching over 120-fold the expression in
mock-infected mice at 72 hr p.i. whereas it remained barely
increased and drastically lower in MHV-A59-infected mice
(P < 0-05 to P < 0-001). Levels of TLR4 and TLR7 mRNA
expression were not affected by either MHV3 or MHV-A59
infections (Fig. 2b,c). Endosomal TLR3 or RIG-1 and
MDA-5 gene expression levels also increased in MHV3-
infected mice, albeit markedly less than TLR2, and were
similarly lower or not induced in mice infected with MHV-
A59 (P < 0-05 to P < 0-001) (Fig. 2d—f).

These data suggest that MHV3 but not MHV-A59
infection strongly induces expression of TLR2, over other
TLRs and helicases, in the liver of infected mice.

Higher expression of inflammatory cytokines, IL-33
(alarmin) and Fgl-2 in the liver of MHV3-infected
than MHV-A59-infected mice

Activation of TLRs, mainly surface TLR2, is involved in
the release of pro-inflammatory cytokines such as TNF-o
and IL-6 (reviewed in ref. 1). Higher induction of hepatic
TLR2 expression by MHV3 than MHV-A59 infection sug-
gests that higher levels of TNF-a or IL-6 may occur in
the liver of MHV3-infected mice. To investigate this
hypothesis, levels of TNF-¢ and IL-6 expression were
evaluated by quantitative RT-PCR and ELISA tests in liv-
ers from infected mice. As shown in Fig. 3(a,b), IL-6
mRNA and secretion levels increased only in MHV3-

A
Qo
=
G5

Time post-infection (hr)

Time post-infection (hr)

infected mice (P < 0-05 and P < 0-001). Higher expres-
sion of TNF-o was also found in the liver of MHV3- than
MHV-A59-infected mice (P <0-01 to P <0-001)
(Fig. 3c) and correlated with higher secretion at 72 hr p.i.
(P < 0-001) (Fig. 3d).

We have previously demonstrated that expression of
IL-33, a new alarmin, was up-regulated in the liver of
MHV3-infected C57BL/6 mice correlating with an
increase of inflammatory cytokines.”® Messenger RNA
levels and immunolocalization for IL-33 were assayed in
the livers of MHV3-infected and/or MHV-A59-infected
mice. As shown in Fig. 3(e), gene expression of IL-33
increased only in the liver of MHV3-infected mice
(P <£0-001) and IL-33 was localized mainly in cells lining
sinusoids and to a lesser extent in hepatocytes at 24 and
72 hr p.i. in MHV3-infected mice (Fig. 3g).

It was previously demonstrated that fulminance of
MHV3-induced hepatitis correlated with levels of Fgl-2
produced by liver sinusoidal endothelial cells.”””® As
expected, Fgl-2 expression increased sooner, at 48 hr p.i.,
in the liver of MHV3-infected mice than MHV-A59-
infected mice (P < 0-05 and P < 0-01).

Activation of TLR2, as other TLRs, is also involved in
chemokine production in acute and chronic liver dis-
eases® (reviewed in ref. 1). We hypothesized that MHV3
infection may favour greater release of chemokines in the
liver than MHV-A59 infection. Hence, mRNA and pro-
tein levels of CCL2, CXCL1 and CXCL10 were evaluated

72
Figure 2. Messenger RNA levels of Toll-like

receptor 2 (TLR2), TLR4, TLR3, TLR7 and
helicases retinoic acid inducible gene (RIG-1)
and melanoma differentiation-associated pro-
tein (MDA-5) genes in the liver of murine
hepatitis virus (MHV) 3- and MHV-A59-
infected mice. Groups of six or seven C57BL/6

*k

(wild-type; WT) mice were intraperitoneally
(i.p.) infected with 1000 TCIDs, of MHV3 or
MHV-A59. At 24, 48 or 72 hr post-infection
(p.), livers from each group were collected
and Toll-like receptors (TLR2, -3, -4, -7) (a—d)
and helicases (MDA-5 and RIG-1) (e and f)
mRNA fold changes were analysed by quantita-
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tive RT-PCR. Values represent fold change in
gene expression relative to mock-infected mice
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TNF-o (d) were quantified by ELISA test at (9) Mock
72 hr p.i. in livers. Expression of IL-33 deter- e

mined by immunohistochemistry in livers from
mock-infected and MHV3-infected WT mice
at 24 and 72 hr p.i. (g). Some positive 1L-33
cells are indicated by arrows. Results are repre-
sentative of two different experiments.
(*P < 0-05; **P < 0-01; ***P < 0-001).

by quantitative RT-PCR and ELISA tests, respectively, in
the livers of infected mice. As shown in Fig. 4, transcrip-
tion levels of CCL2 and CXCL10 genes increased over
infection time in MHV3-infected mice and reached
higher levels at 72 hr p.. than in MHV-A59-infected
mice (P <005 to P<0-001) (Fig. 4a,c). CCL2 was
highly produced in liver from MHV3-infected mice
(P<0-01 and P <0-001) (Fig. 4b). Production of
CXCL10, however, was higher in the liver of MHV-A59-
infected than MHV3-infected mice although gene expres-
sion was lower (P < 0-01 and P < 0-001) (Fig. 4d). Levels
of mRNA and protein for CXCL1 were more increased in
the liver of MHV3-infected mice than in MHV-A59-
infected mice (P < 0-05 to P < 0-001) (Fig. 4e,f).

Transient and lower recruitment of neutrophils, NK
cells and macrophages in the livers of MHV3- and
MHV-A59-infected mice

Higher CXCL1, CCL2 and lower CXCL10 levels in the

livers of MHV3-infected mice suggest higher

© 2016 John Wiley & Sons Ltd, Immunology, 149, 204-224

recruitment of neutrophils, macrophages, NK and NK
T cells rather than lymphoid cells (reviewed in ref. 40).
Smaller or lower inflammatory foci, however, were
observed in the livers of MHV3-infected mice compared
with MHV-A59-infected mice [Fig. la (ii-vi)] suggesting
that inflammatory cell subsets are differentially recruited
during MHV3 and MHV-A59 infections. To verify this
hypothesis, intrahepatic MNCs were isolated from the
livers of MHV3- and MHV-A59-infected mice at 24
and 48 hr p.i.,, immunolabelled and then phenotyped by
cytofluorometric analysis. Percentages and numbers of
NK-T (NKI.1* CD3%) and NK (NKI1.1" CD37) cells,
neutrophils  (CD11b™ Gr1™), macrophages (CD11b
* Gr1'™) as well as B (CD19"), CD4 (CD3" CD4") and
CD8 (CD3" CD8") lymphocyte subsets were compared
between groups of mice. As shown in Fig. 5(a), per-
centages of neutrophils (CD11b™ Gr1™) and macro-
phages (CD11b* Gr1™) rapidly increased at 24 hr p.i.
in MHV3-infected mice in spite of high individual vari-
ation for neutrophils (P < 0-05 to P < 0-001). Percent-
ages of NK cells (NKI.1" CD37) increased only at
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Figure 4. Messenger RNA expression and pro-
duction of chemokines CCL2, CXCLI and
CXCLI10 in the livers of murine hepatitis virus
(MHV) 3- and MHV-A59-infected mice.
Groups of six or seven C57BL/6 mice were
intraperitoneally (i.p.) infected with 1000
TCIDs, of MHV3 or MHV-A59. At 24, 48 or
72 hr post-infection (p.i.),
group were collected. mRNA expression levels
for CCL2 (a), CXCL10 (c) and CXCL1 (e)
were evaluated by quantitative RT-PCR at 24,
48 and 72 hr p.i in livers from MHV3- or
MHV-A59-infected mice. Values represent fold
change in gene expression relative to mock-

livers from each

infected mice (arbitrary value of 1) after nor-
malization with HPRT expression. Protein
levels of CCL2 (b), CXCL10 (d) and CXCLI1
(f) were quantified in livers by ELISA tests at
72 hr p-i. (*P < 0-05; **p < 0-01;
*H%kP < 0-001).

Figure 5. Analysis of intrahepatic mononculear
cells (MNCs) in the liver of murine hepatitis
virus (MHV) 3- and MHV-A59-infected
C57BL/6 mice. Intrahepatic MNCs were iso-
lated from groups of six mock-infected,
MHYV3- and MHV-A59-infected C57BL/6 mice
at 24 and 48 hr p.i., immunolabelled with
NK1.1, CD3, Grl, CDI11b, CDI19, CD4 and
CD8 monoclonal antibodies and analysed by
cytofluorometry. Percentages of natural killer T
(NK-T) (NK1.1" CD3"), natural killer (NK)
(NK1.1* CD37), neutrophils (Gr1™ CD11b™)
and macrophages (Grl" CD11b™) cells were
evaluated in the livers of MHV3 (a) and
MHV-A59 (e) -infected mice. Percentages of b
(CD19") and CD4 (CD3" CD4") and CDS8
(CD3" CD8") subpopulations of
CD3" NK1.1™ cells were similarly analysed (b
and f). Absolute numbers for each cell subset
were calculated in using respective percentages
reported to total number of isolated MNC in
the liver of MHV3- (¢ and d). (*P < 0-05;
**P < 0-01; ***P < 0-001).

the livers of MHV3-infected mice at 24 and/or 48 hr
(P <005 to P<0-001)

(Fig. 5b), as previously

© 2016 John Wiley & Sons Ltd, Immunology, 149, 204-224



Analyses of cell-subset percentages, however, are not
fully representative of recruited inflammatory cells
because total number of isolated MNCs strongly
decreased with time in the liver of MHV3-infected
mice.*' To properly reflect the evolution of cell recruit-
ment in infected mice, absolute numbers of each inflam-
matory cell subset have been calculated using the
percentage of each cell subset reported to total number of
isolated MNCs. As shown in Fig. 5(c), the transient
increase of neutrophil percentage observed in the liver of
MHV3-infected mice was in accordance with the increase
in neutrophil numbers at 24 hr p.. only (P <0-001).
However, low increase of absolute number of macro-
phages occurred at 48 hr p.i. only (P < 0-05). In addition,
both NK-T and NK cell numbers decreased (P < 0-05 to
P <0-001) in contrast to that seen in percentages. The
decreases in numbers of CD4, CD8 and B cells were mag-
nified when compared with percentages (P < 0-01 and
P <0-001) (Fig. 5b,d). The extensive cell necrosis in the
liver of MHV3-infected mice at 72 hr p.i., however, did
not allow us to isolate sufficient numbers of MNCs for
accurate immunolabellings and cytofluorometric analysis.

In livers from MHV-A59-infected mice, however, per-
centages of neutrophils strongly increased as soon as
24 hr pd. (P <0-001) whereas NK cells transiently
increased (P < 0-05) and NK-T cells decreased (P < 0-01
and P < 0-001) (Fig. 5e). Macrophage percentage slightly
increased at 48 hr p.i. only (P < 0-05). In contrast to that
seen in the liver of MHV3-infected mice, only the B-cell
percentage decreased slightly at 48 hr p.i. (P <0-01)
whereas CD4 and CD8 lymphocyte percentages remained
unchanged (Fig. 5f). The number of MNCs isolated in
the liver of MHV-A59-infected mice did not significantly
differ that in from mock-infected mice, in contrast with
that seen in MHV3-infected mice. In consequence, varia-
tions in absolute numbers of cell subsets did not differ
from percentages (results not shown).

Lower liver damage and viral replication in MHV3-
infected TLR2 KO mice

We have previously observed that MHV3-induced acute
hepatitis was less severe in TLR2 KO mice.>* The compara-
tive study between MHV3 and MHV-A59 infections
regarding severity of hepatitis, TLR2 expression level, and
inflammatory cytokines and chemokines in liver from
infected mice support this hypothesis and suggest that
higher virulence of MHV3 may be related to TLR2-depen-
dent exacerbated inflammatory responses. To verify
whether TLR2 is involved in aggravated hepatic damages
and viral replication during acute MHV3 infection, groups
of WT C57BL/6 and TLR2 KO mice were i.p. infected with
MHV3 or MHV-A59 and survival rates, liver injury and
viral load in the liver were monitored from 24 to 72 hr p.i.
As shown in Fig. 6(a), mortality rate of MHV3-infected

© 2016 John Wiley & Sons Ltd, Immunology, 149, 204-224
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TLR2 KO mice was delayed when compared with infected
WT mice as it occurred from only 96 to 120 hr p.i. in con-
trast to WT mice, for which mortality reached more than
70% of mice at 72 hr p.i. (P < 0-001). Considering the ful-
minance of hepatitis, such a statistically significant delay
can support a role for TLR2 in the pathogenic processes of
hepatitis. As expected, no mortality was observed in WT
and TLR2 KO mice infected with MHV-A59 (see Supple-
mentary material, Fig. S2A). Histopathological analysis of
livers from MHV3-infected TLR2 KO revealed inflamma-
tory foci only by 48 hr p.i. and fewer necrotic foci at 72 hr
p-i. when compared with liver from MHV3-infected WT
mice (Fig. 6b compared with Fig. 1a). In livers from
MHV-A59-infected TLR2 KO mice, however, few large
inflammatory foci, similar to those observed in MHV-A59-
infected WT mice, were noted (see Supplementary mate-
rial, Fig. S2B). Accordingly, serum AST and ALT levels
were lower in MHV3-infected TLR2 KO than in infected
WT mice (Fig. 6¢,d) (P <0-05 and P < 0-001). Hepatic
lesions, comparable to those seen in livers from MHV3-
infected WT mice, occurred later in infected TLR2 KO
mice (results not shown), leading to a delayed mortality of
mice.

Viral replication of MHV3 in the liver of infected
TLR2 KO, as determined by the expression of the viral
nucleoprotein  RNA (quantitative RT-PCR) and viral
titres, was also lower and delayed when compared with
replication in MHV3-infected WT mice (Fig. 6e,f)
(P <0-05 to P<0-001). MHV-A59 replication in livers
from TLR2 KO mice, however, was not altered (see Sup-
plementary material, Fig. S2C) when compared with
infected WT mice.

Dietrich et al.** have previously reported that TLR2
signalling may lead to IFN-a/f production when TLR2 is
internalized in endosomes. As shown in Fig. 6(g,h), tran-
scription and production of IFN-f occurred later and
reached lower levels in MHV3-infected TLR2 KO mice
than in WT mice (P < 0-001). No significant increase of
IFN-o transcription has been observed in both MHV3-
infected mouse strains (results not shown).

TLR2 is involved in aggravation of MHV3-induced
hepatitis instead of other TLRs or helicase genes

To support the hypothesis that severity of MHV3-induced
hepatitis mainly involves TLR2 rather than other PRRs,
kinetics of transcription levels of surface TLR2 and TLR4,
endosomal TLR3 and TLR?7, as well as helicase RIG-1 and
MDA-5, genes were compared in livers from MHV3-
infected WT and TLR2 KO mice. As observed above, an
increase of surface TLR2 but not TLR4 gene expression
levels over the course of infection by MHV3 was con-
firmed in the liver of WT mice (P < 0-05 to P < 0-001)
(Fig. 7a,b) whereas absence of TLR2 induction was vali-
dated in infected TLR2 KO mice. Endosomal TLR3 or

213



C. Bleau et al.

(@)  Survival curve of L2-MHV3-infected mice
12

0
g0 TV —wr
% 80 {_. --TLR2ko
2 60 :
s 1
g 40 i***
& 20 i
ot
0 24 48 72 96 120 144

Time p.i (hr)

A
=)

TLR2 KO

Figure 6. Hepatic damages, viral replication
and interferon-f# (IFN-f) production in the
liver of murine hepatitis virus (MHV) 3-
infected wild-type (WT) and Toll-like receptor
2 knockout (TLR2 KO) mice. Groups of six to

(c) (d) ALT seven C57BL/6 (WT) and TLR2 KO mice were
15000 x intraperitoneally (i.p.) infected with 1000
g ’5\ 10 000 TCIDs, of MHV3. Survival curve of MHV3-
= E infected WT and TLR2 KO mice (a).
E 2 5000 . Histopathological analysis was conducted on
. livers from MHV3-infected TLR2 KO at 24, 48
0 — ] . . .
24hrpi. 48hrpi 72 hrpi 24hrpi. 48hrpi  72hpi. and 72 hr post-infection (p.i.) (b). Serum sam-
ples from MHV3-infected WT and TLR2 KO
(e) MHV3 nucleocapsid RNA | U] Viral titres mice were assayed for aspartate transaminase
é 1-E+06 _[ 5 8 (AST) (c) and alanine transaminase (ALT) (d)
_:C% 15:8‘51 = = _ 6 activity at 24-72 hr p.i. Replication of MHV3
5 1.E+03 i E) S 4 in livers of infected mice was determined by
g 1-E+02 D%:" 5 analysis of the nucleoprotein (MHV-N) RNA
z 1.E+01 o expression at 24, 48 and 72 hr p.i. by quantita-
1-E+00 . 0 . o
24hrpi. 48hr pi. 72hpi. 24 hrp.i. 72 hrpi. tive RT-PCR, andA by viral titration (TCIDs)
at 24 and 72 hr p.i. (e, f). Messenger RNA fold
@) () increases for IFN-fi were analysed in livers
$ 1-E+06 IFN-B kol 10 IFN-B . from MHV3-infected mice by quantitative RT-
(=]

5 1-E+05 ~ 8 PCR at 24, 48 and 72 hr p.i. (g). Values repre-
E 1-E+04 " 2 6 sent fold change in gene expression relative to
S 1.E+03 = _l g 4 mock-infected mice (arbitrary value of 1) after
2 1.E:02 .—x—‘ = 2 normalization with HPRT expression. Protein

o . .
£ 1.E+01 . . , o levels of IFN-f in the liver were quantified by
24 48 72 i .05;
Control C57BL/6 TLR2—/— ELISA test at 72 hr pd. (h). (*¥*P <0-05;

Time post-infection (hr)

RIG-1 and MDA-5, but not TLR7, gene expression levels
similarly increased in livers from both WT and TLR2 KO
mice infected with MHV3 (P <0-05 to P <0-001)
(Fig. 7c—f). These data support that MHV3 infection
specifically increases the expression of TLR2 in the liver
of WT mice because other TLRs and helicases are simi-
larly expressed in infected WT and TLR2 KO mice.

Decreases of inflammatory cytokines, alarmin IL-33
but not Fgl-2 gene expression in the liver of MHV3-
infected TLR2 KO mice

We have previously reported that IL-6 and TNF-a pro-
duction by peritoneal macrophages in vitro infected with
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*¥*P < 0-01; ¥**P < 0-001).

MHV3 depends on TLR2 activation by the viral glycopro-
tein S.>* In order to verify whether TLR2 is specifically
involved in the exacerbation of the inflammatory cytokine
response during MHV3 infection, as previously observed
in Fig. 3, levels of TNF-u and IL-6 expression were com-
pared by quantitative RT-PCR and ELISA tests in MHV3-
infected WT and TLR2 KO mice. As shown in Fig. 8(a),
mRNA levels of IL-6 increased throughout MHV3 infec-
tion in WT mice (P <0-01 and P < 0-001) but were
impaired in infected TLR2 KO mice as demonstrated by
fourfold lower levels at 72 hr p.i. (P < 0-05). Interleukin-
6 secretion increased only in the liver of MHV3-infected
WT mice (P <0-001) (Fig. 8b). Similarly, lower expres-
sion of TNF-o was found in the livers of MHV3-infected
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TLR2 KO mice than WT mice (P < 0-05 and P < 0-001)
(Fig. 8¢). Such defects in TNF-oo mRNA expression corre-
lated with lower production at 72 hr p.i. (P < 0-001)
(Fig. 8d).

The IL-33 gene expression level was delayed to 72 hr
p.. in MHV3-infected TLR2 KO mice whereas it was
induced as early as 24 hr pi. in WT mice (P < 0-01)
(Fig. 8e). mRNA levels for Fgl-2, however, increased simi-
larly up to 48 hr p.i. in the livers of both WT and TLR2
KO infected mice (P < 0-05 and P < 0-01) (Fig. 8f).

Decreases in CXCL1, CCL2 and CXCL10 levels in the
livers of MHV3-infected TLR2 KO mice

It was recently shown that the TLR2 signalling network is
essential for inflammatory cell recruitment in acute liver
injury.”® Accordingly, we hypothesized that TLR2 activa-
tion may be involved in the induction of the high chemo-
kine levels observed during MHV3 infection (Fig. 4) but
expected that it would be decreased in liver from infected
TLR2 KO mice. As shown in Fig. 9(a,b), mRNA and pro-
tein levels of CXCL1 increased sooner and higher in the
liver of MHV3-infected WT mice than TLR2 KO mice
(P <0:05 to P <0-001). Transcription and production
levels of CCL2 and CXCLI10 also increased over infection
time in infected WT mice but were dramatically impaired

© 2016 John Wiley & Sons Ltd, Immunology, 149, 204-224
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and delayed in infected TLR2 KO mice (P < 0-05 to
P <0-001) (Fig. 9cf). Immunolocalization of CXCL10
showed lower expression in hepatocytes of MHV3-
infected TLR2 KO than WT mice at 72 hr p.i. (Fig. 9g).

Delayed recruitment of neutrophils, NK cells and
macrophages in the liver of MHV3-infected TLR2 KO
mice

To verify whether the reduced production of CXCLI,
CCL2 and/or CXCLI1O in the liver of MHV3-infected
TLR2 KO mice involved lower recruitment of inflamma-
tory cells, intrahepatic MNCs were isolated from the liv-
ers of mock-infected and MHV3-infected WT and TLR2
KO mice at 24 and 48 hr p.i., immunolabelled and then
phenotyped by cytofluorometric analysis, as indicated
above. As shown in the Supplementary material
(Fig. S3A), percentages of neutrophils and macrophages
increased at 48 hr p.i. only in the liver of MHV3-infected
TLR2 KO mice (P < 0-001) whereas NK and NKT cell
percentages remained unchanged. Both B and CD8 cell
percentages, however, decreased in the liver of infected
TLR2 KO mice (P <0-01 and P < 0-001) (see Supple-
mentary material, Fig. S3B). As no major reduction in
total isolated MNCs was observed over time in livers
from MHV3-infected TLR2 KO mice in contrast to that
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seen in MHV3-infected WT mice, changes in percentages
for each cell subset reflect similar changes in cell numbers
(results not shown).

Taken together, these results suggest that TLR2 favours
greater hepatic damage, more viral replication and a
stronger inflammatory response as well as the transient
increase in inflammatory cells and losses of NK and NKT
cells in the liver only in MHV3-infected WT mice, not in
MHV-A59-infected WT mice or MHV3-infected TLR2
KO mice, supporting an aggravating role for TLR2 in
acute hepatitis.

TLR2-dependent viral replication and inflammatory
responses in in vitro MHV3-infected macrophages

We aimed to identify the cells involved in the exacerbated
TLR2-dependent inflammatory responses in the liver of
MHV3-infected mice. We first investigated whether TLR2
expression was increased in in vitro infected macrophages,
hepatocytes and LSECs. Preliminary data revealed that
both LSECs (Bleau et al. manuscript in revision) and
macrophages expressed higher TLR2 expression levels
upon MHV3 infection. It has been previously demon-
strated that macrophages are the first target cells follow-
ing MHV infection and that lower virulence of
MHV-A59 is due to suppression of viral replication by
these cells.?>** In addition, induction of TNF-¢ and IL-6
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#55P < 0.001).

in peritoneal macrophages infected with MHV3 was
shown to depend on surface (S) viral protein fixation to
TLR2 and heparan sulphate®® in contrast to MHV-A59.*
These observations suggest that macrophages may be one
cellular source participating in TLR2-dependent inflam-
matory responses during MHV3 infection.

We first verified whether MHV-A59 and MHV?3 differen-
tially replicate and induce cytokine production in macro-
phages. J774A.1 macrophages were infected with both
viruses at 0-1-1 m.o.i. for 4-24 hr p.i. and MHV nucleo-
protein (N-MHV) and IL-6 expression were then evalu-
ated. As shown in Fig. 10(a), the nucleoprotein RNA
expression occurred sooner and reached higher levels in
cells infected by MHV3 than MHV-A59 (P <0-01 to
P < 0-001). In accordance, viral titres were also higher in
MHYV3-infected cells (results not shown). Rapid and higher
IL-6 transcription levels occurred in MHV3-infected cells
(Fig. 10b) except at 24 hr p.i. (P < 0-001) and correlated
with higher production levels (MHV3: 430 & 45 pg/ml;
MHV-A59: 82 £ 15 pg/ml; P < 0-001). To verify whether
higher replication of MHV3 in macrophages was associated
with faster viral entry into cells, immediate-early levels
(within 60 min p.i.) of N-MHV RNA levels were evaluated
in MHV3 and MHV-A59-infected J774.1 cells. Higher
levels of N-MHV mRNA were detected in MHV3-infected
cells than in MHV-A59-infected cells, from 5 min p.i. until
60 min p.i. (P < 0-05 to P < 0-001) (Fig. 10c).
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Since early p38 MAPK activation is involved in early
secretion of IL-6 in MHV3-infected peritoneal macro-
phages,”® the kinetics of p38 MAPK phosphorylation was
evaluated within the first 60 min p.i. by ELISA test. A
TLR2 agonist (Pam3C5K4) was used as positive control
for TLR2-dependent induction of the p38 MAPK sig-
nalling pathway. Results shown in Fig. 10(d) indicate that
phosphorylated p38 MAPK rapidly increased in cells trea-
ted with TLR2 agonist and peaked within 30 min
(P <0-001). Similar increase, peaking at 30 min, also
occurred in MHV3 infected cells (P < 0-05 to P < 0-01)
whereas no increase of phosphorylated p38 MAPK was
detected in MHV-A59-infected cells. These results suggest

© 2016 John Wiley & Sons Ltd, Immunology, 149, 204-224

CXCL10 in MHV3-infected mice at 72 hr p.i.

that TLR2 may be involved in rapid and higher viral
replication and IL-6 secretion in MHV3-infected cells.

To verify this hypothesis, J774.1 cells were next treated
with siRNAs for TLR2 and/or CEACAMI1a genes before
infection with MHV3 at an m.o.i of 0-1-1-0 for 22 hr.
MHV RNA, TLR2 and CEACAMIa fold changes were
then evaluated by quantitative RT-PCR and infectious
viruses were titrated. Results indicate that MHV-RNA
expression decreased in MHV3-infected cells treated with
siRNA for CEACAMIla and/or TLR2 (P <0-01)
(Fig. 10e). Similarly to N-MHV RNA levels, infectious
MHV3 virus titres in supernatants of infected J774.1 cells

decreased in siCEACAMIla- or siTLR2- or Dboth
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siCEACAM 1a/siTLR2-treated J774.1 cells when compared
with untreated infected cells (1-2 x 10° + 0-3 x 10%
45 x 10° £ 0-3 x 10° and 1-5 x 10" £ 0-3 x 10" com-
pared with 2:5 x 10° + 0-8 x 10° TCIDsy/ml, respec-
tively; P < 0-05 to P <0-01). MHV-A59 RNA, however,
decreased only in cells treated with siRNA for CEA-
CAMI1a (alone or in combination with siRNA for TLR2)
(P < 0-01)(Fig. 10e). As expected, TLR2 expression levels
increased higher in MHV3-infected macrophages, and
such an increase was also inhibited following knockdown
of one or both CEACAMI1a and TLR2 genes (P < 0-001)
(Fig. 10f).

To confirm the role of TLR2 in the early induction of the
IL-6 response by MHV3, IL-6 mRNA fold changes and
secretion were assessed in macrophages treated with siRNA
for TLR2 and/or CEACAMI1a and infected for 5 or 22 hr
p-i. As shown in Fig. 10(g,h), knockdown of CEACAMIla
and/or TLR2 genes strongly decreased IL-6 transcription
and secretion levels by MHV3-infected macrophages, as
also shown at 5 hr p.i. (P <0-001), indicating that IL-6
production depends on both CEACAM1a and TLR2 mole-
cules. The efficiency of siTLR2 treatment and the involve-
ment of TLR2 in IL-6 induction was confirmed by
significant decreases of IL-6 expression in cells activated by
the TLR2 agonist Pam;CSK4 (P < 0-01) (Fig. 10g).

Discussion

In this work, we demonstrated for the first time an aggra-
vating role for TLR2 in the acute phase of hepatitis in
comparing the fulminant MHV3-induced hepatitis to
milder hepatitis induced by the closely related MHV-A59
infection in mice. The involvement for TLR2 in the fulmi-
nance of MHV3-induced acute hepatitis was shown by ear-
lier mortality and higher hepatic lesions and viral
replication in infected WT mice than TLR2 KO mice
whereas subclinical hepatitis induced by MHV-A59 infec-
tion was not influenced by TLR2 as mortality rate, hepatic
damages and viral titres were comparable in both infected
WT and TLR2 KO mice. The severity of hepatitis in
MHV3-infected WT mice correlated with higher expression
of TLR2, IFN-b inflammatory cytokines and chemokines
and alarmin IL-33 in the liver. Despite higher chemokine
levels, neutrophils, NK, NK-T cells or macrophages were

only transiently or weakly recruited in the liver of MHV3-
infected WT mice in contrast to delayed but sustained
inflammatory cells recruitment in MHV3-infected TLR2
KO or MHV-A59-infected WT mice.

It is the first report showing higher TLR2 expression
over other PRRs in acute viral hepatitis during the first
days of infection. Many PRRs are activated after exposure
to hepatotrophic viruses, such as endosomal TLR3 or
TLR7 and intracytoplasmic helicases RIG-1 or MDA-5, to
activate IFN type 1 and inflammatory factors. In the liv-
ers from MHV3- but not MHV-A59-infected WT mice,
we have observed greater expression of TLR2 over other
PRRs such as TLR3, RIG-1, MDA-5 or TLR4 and TR?7,
suggesting that MHV3 preferentially activates TLR2 tran-
scription. Higher expression of TLR2 has been recently
associated with disease progression of hepatitis C.** Levels
of hepatic inflammation in HCV- and HCV/HIV-infected
patients, also correlated with higher transcription of
TLR2 and TLR4 genes in the liver'” suggesting a pro-
inflammatory role for TLR2 in hepatitis. Accordingly,
blocking of TLR2 was recently shown to attenuate Con-
canavalin A-induced experimental hepatitis in mice.*> We
have observed fewer hepatic lesions, less viral replication
and lower inflammatory responses in MHV3-infected
TLR2 KO mice, indicating that TLR2 may act as an
aggravating factor in fulminant hepatitis. However, TLR2
KO mice were not protected from MHV3-induced lethal
hepatitis, but survival was significantly improved due to
delayed occurrence of hepatic necrosis (observations not
shown), supporting that other TLR2-independent mecha-
nisms are also involved in the outcome of MHV3 infec-
tion. Unlike MHV3, the weakly hepatotrophic MHV-A59
showed no ability to increase TLR2 expression in the liver
and induced comparable mild hepatitis in WT or TLR2
KO mice, strengthening the importance of TLR2 in
MHYV3-induced hepatitis.

Activation of TLR2 through the MyD88 /nuclear fac-
tor-kB-dependent pathway leads to up-regulation of
numerous genes involved in innate host defence such as
TNF-a, IL-1f, IL-6, IFN-7y, chemokines and TLR expres-
sion (reviewed in ref. 46). We have observed that TNF-u«
and IL-6 increased sooner and more in the liver of
MHV3-infected WT mice than in TLR2 KO or MHV-
A59-infected mice. It was previously reported that TNF-o

Figure 10. In vitro murine hepatitis virus (MHV) 3 and MHV-A59 infections of macrophages untreated or treated with small interfering (si)
RNA for Toll-like receptor 2 (TLR2) and CEACAMIa. J774A.1 macrophages were infected with 0-1-1 multiplicity of infection (m.o.i.) of MHV3
or MHV-A59 and incubated for various times post-infection (p.i.) according to experiments (a—d). Cells were also transfected with mouse CEA-
CAM1 and/or TLR2 siRNA for at least 24 hr before infections in other experiments (e and f). Nucleocapsid RNA (a, ¢ and e), TLR2 (f), and
interleukin-6 (IL-6) (b and g) mRNA fold changes were analysed by quantitative RT-PCR at various times p.i. Values represent fold change in

gene expression relative to mock-infected mice (arbitrary value of 1) after normalization with HPRT expression. Phosphorylated p38 mitogen-

activated protein kinase (MAPK) levels were evaluated by ELISA test and expressed as percentages of total p38 MAPK (d). The synthetic bacterial
ligand for TLR2-TLR1 (Pam;CSK4) was used as TLR2 positive control for the detection of phosphorylated p38 MAPK and IL-6 expression (d
and g). IL-6 secretion was quantified by ELISA test in MHV3-infected cells at 5 hr p.i. (h). Results are representative of two different experi-

ments. (¥*P < 0-05; **P < 0-01; ***P < 0.001). N.D. Not done.
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activity significantly increases as soon as 24 hr p.i. during
MHV3 infection, even before the virus is detectable in the
liver,"” supporting an early activation through an uniden-
tified signalling pathway. Following i.p. infection, MHV3
primarily replicates in peritoneal macrophages and then
within liver Kupffer cells and LSECs.**** A role for
macrophages in MHV3-induced TLR2-dependent inflam-
matory responses is supported by in vitro infections. Our
results indicate that both CEACAMIla and TLR2 are
involved in viral replication and early IL-6 expression (as
soon as 5 hr p.i.) in macrophages. Jacques et al.’* have
previously demonstrated that TLR2 and heparan sulphate
were involved in the induction of inflammatory cytokines
in MHV3-infected macrophages. Our results suggest that
higher and earlier TLR2-dependent IL-6 induction by
MHV3 may be related to higher and earlier activation of
the p38 MAPK pathway by the virus. In addition, since a
very early role for the p38 MAPK pathway (within
30 min) was reported in viral replication of MHV3 in
J774.1 macrophages,” higher and earlier replication of
MHV3 than MHV-A59 may also result from differential
activation of this pathway by the viruses. No role for
TLR2, however, was reported in viral replication and
induction of IL-6 by MHV-A59.">"" Such a difference
may explain the lower viral load and inflammatory
responses in the liver of MHV-A59-infected mice. In
addition, preliminary data have shown that UV-inacti-
vated MHV3 viral particles bound more rapidly to
macrophage surface (<10 min) than UV-inactivated
MHV-A59, suggesting that S protein from MHV3 may
express higher affinity for TLR2 than MHV-A59.

Hepatocytes and non-parenchymal hepatic cells were
also reported to express both the viral receptor CEA-
CAM1a*® and TLR2.°*? In vitro MHV3 infection in hepa-
tocytes leads to rapid cell death (less than 24 hr p.i.) and
low viral infectious titres and inflammatory cytokine
levels, which are barely influenced by siTLR2 treatments
(results not shown), suggesting that the exacerbated
inflammatory response in the liver of MHV3-infected mice
does not mostly depend on infected hepatocytes, in spite
of extensive necrosis foci. Vascular and tolerant properties
of LSECs, however, were disturbed when in vitro infected
with MHV3 (Bleau et al. manuscript in revision). Hence,
we can hypothesize that TLR2 fixation of viral infectious
particles or free viral S proteins on MHV3 permissive cells,
such as Kupffer cells and LSECs, may favour both viral
replication and exacerbated inflammatory responses that
may contribute to higher liver injury in MHV3-infected
mice. Indeed, high levels of TNF-o in the liver are gener-
ally associated with extensive necrosis,”* and absence of
TNF-a, but not IL-6, was recently shown to significantly
reduce hepatic lesions (AST/ALT) and increase the
survival of MHV3-infected mice.”

Following viral replication in macrophages and LSECs,
viruses reach hepatocytes leading to rapid extensive
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syncytia and cell lysis.”® The fulminance of liver lesions
indicates that innate antiviral mechanisms cannot control
viral infection and inflammatory responses. Type I IFN
production by infected cells is the most important antivi-
ral mechanism acting in the first days of infection. Higher
IFN-f production, however, was found in the liver of
MHV3-infected WT mice than TLR2 KO mice or MHV-
A59-infected WT mice. The positive correlation between
IFN-f production and viral replication levels may reflect
the spreading of viral replication in the liver rather than
the efficiency of antiviral effects. Indeed, it was already
reported that higher levels of type I IFN were produced
simultaneously with higher MHV3 titres by peritoneal
macrophages from C57BL/6 mice,”® supporting a negligi-
ble role of type I IEN in the control of MHV3 replication.
Such explanation is also supported by a positive correla-
tion between low levels of IFN-f and low viral replication
in MHV3-infected TLR2 KO mice or MHV-A59-infected
WT mice, indicating that lower viral replication does not
result from higher production of antiviral IFN-f. In addi-
tion, no significant IFN-o expression was induced in the
liver of all infected groups of mice (results not shown),
indicating no major role for type I IFN in the control of
MHV replication and hepatitis. In addition, type I IFN
response in mouse coronavirus infections depends mainly
on TLR3 and helicases RIG-1 or MDA-5 engagement by
viral RNAs.””>® Transcription levels of TLR3, RIG-1 and
MDA-5 were comparable in livers from both MHV3-
infected WT and TLR2 KO mice and less transcribed in
MHV-A59-infected WT mice, suggesting that higher
induction of IFN-f by MHV3 infection did not depend
on these PRRs. We can therefore postulate that higher
levels of IFN-f in the livers of MHV3-infected WT mice
may result from extensive hepatic infection and/or TLR2
engagement by MHV3. Indeed, Dietrich et al.** have
demonstrated that translocation of TLR2 in endolysoso-
mal compartments following ligand engagement can trig-
ger IFN-f production via the MyD88/interferon
regulatory factor (IRF)-1/IRF-7-dependent pathway in
macrophages. Preliminary data revealed increased expres-
sion of IRF-7 in livers from MHV3-infected WT mice,
suggesting activation of this signalling pathway in some
hepatic cells. Future work should address this hypothesis.
Nevertheless, such an interesting potential new role for
TLR2 in IEN-f regulation may not be of major impor-
tance in MHV3 infection as no protection against hepati-
tis seems to be provided by high IFN-f levels.

TLR2 activation also leads to production of chemokines
involved in inflammatory cell recruitment. Earlier and
higher production of CXCL1, CCL2 and CXCL10, as seen
in the liver of MHV3-infected WT mice, may involve
rapid recruitment of neutrophils, macrophages and NK
or T-cell subsets, respectively (reviewed in ref. 40). As
expected, CXCLI production and concomitant neutrophil
sooner in the liver of

recruitment  occurred
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MHV3-infected WT mice, suggesting that increase in
neutrophils may result from early CXCLI1 release, as
demonstrated by Moles et al’® The subsequent loss of
neutrophils at 48 hr p.i., however, did not depend on a
decrease of CXCL1 production because levels increased
up to 72 hr p.i. We can hypothesize that recruited neu-
trophils may serve as a new cell target for viral infection
leading to cell apoptosis, such as previously demonstrated
for NK cells.®” Work is in progress to clarify the loss of
these cells during MHV3 infection. Our data regarding
neutrophils slightly differ from those of Xu et al.®’ who
reported percentage increases of neutrophils up to 48 hr
p.i in the liver of MHV3-infected mice. Such apparent
discrepancy results from the dramatic decrease in total
intrahepatic MNCs, including NK, B and CD4 cells, lead-
ing to an apparent increase in neutrophil percentages in
spite of a reduction in their absolute number, such as is
demonstrated in the present work. These authors also
linked neutrophil infiltration to a TNF-a-dependent Fgl-2
production. Our results do not support this hypothesis as
chemokine production and neutrophil infiltration in the
liver occurred earlier than Fgl-2 induction in MHV3-
infected WT mice. Total counts of MNCs in the livers of
both MHV3-infected TLR2 KO mice and MHV-A59-
infected WT mice were not highly altered over infection
time and neutrophil numbers steadily increased up to
48 hr p.i. supporting a recruitment of these cells despite
lower levels of CXCL1. The delayed and preserved neu-
trophil pool may therefore favour viral clearance and
contribute to controlling acute hepatitis, as suggested by
lower viral titres, inflammation and damages in these
mice. Recent work regarding the respiratory rat coron-
avirus infection showed that neutrophils were required
for an effective antiviral response but could also con-
tribute to lung pathology.®> On the other hand, we can-
not exclude that higher levels of chemokines in the liver
of MHV3-infected WT mice may also contribute to hepa-
totoxicity without respect to neutrophil infiltration.®®

We have similarly observed lower macrophage recruit-
ment in the livers of MHV3-infected WT mice than
MHV3-infected TLR2 KO and MHV-A59-infected WT
mice despite higher production of CCL2. It was previously
demonstrated that macrophage expansion in the liver is
related to influx of peripheral monocytes facilitated by
high levels of CCL2 rather than to increase of Kupffer
cells®* (reviewed in ref. 65). However, resident and
recruited macrophages are permissive to MHV3 infec-
tion*®* and we have shown that viral replication in
macrophages is increased by TLR2, suggesting that low
number of macrophages in the livers of MHV3-infected
WT mice result from higher viral replication and subse-
quent cell lysis. Accordingly, the low presence of inflam-
matory cells in necrosis foci observed in livers from
MHV3-infected WT mice may result from virus-induced
cell lysis of recruited MNCs. Lower levels of CXCL-1 and

© 2016 John Wiley & Sons Ltd, Immunology, 149, 204-224
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CCL2 in the livers of MHV3-infected TLR2 KO and
MHV-A59-infected WT mice involved lower but sustained
recruitment of neutrophils and macrophages, suggesting
that these cells might be protective rather than deleterious
in acute hepatitis process. In agreement, depletion of
macrophages in MHV-A59-infected mice has been shown
to promote lethal fulminant hepatitis within 4 days p.i.”’

In addition, NK, NK-T, B and T lymphocytes decreased
only in the liver of MHV3-infected WT mice despite
higher levels of CXCL10. Such a reduction may result
directly from permissivity of NK and B cells to viral
infection, and indirectly from virally induced lysis of thy-
mic dendritic cells, as was previously reported.®”*>®” The
larger inflammatory foci observed in the livers of MHV-
A59-infected WT mice and MHV3-infected TLR2 KO
mice may therefore reflect the sustained recruitment of
MNCs. On the other hand, high amounts of CXCL10 in
the liver have already been associated with apoptosis of
human and murine hepatocytes,®® suggesting that high
levels of CXCL10 induced by MHV3 may also contribute
to hepatic lesions.

Some other inflammatory factors induced by MHV3
infection were less dependent, or not dependent, on TLR2.
Indeed, we have observed that IL-33 release was less influ-
enced by TLR2 and rather reflected the severity of liver
damage, as was previously reported.®”® We have recently
shown that IL-33 expression was up-regulated in the liver
of MHV3-infected C57BL/6 mice, mainly in LSECs, vascu-
lar endothelial cells and hepatocytes in the first 24-32 hr
p.i’® This study also demonstrated that TLR3 was
involved in the up-regulation of IL-33 in poly(I:C)-treated
mice. However, IL-33 expression was more strongly
induced in the livers of MHV3-infected WT mice than in
poly(I:C)-treated mice, suggesting that other PRRs might
be involved in IL-33 release during MHV3 infection. Our
observations suggest that TLR2 might be another candi-
date involved in early IL-33 induction. The mechanism(s)
by which MHV3 favour(s) IL-33 secretion is pending and
need(s) further investigation. The induction of the vascu-
lar factor Fgl-2, a pro-thrombinase promoting microvas-
cular thrombosis and hepatocyte necrosis during MHV3
infection,”””® was comparable in WT and TLR2 KO mice
and remained low or delayed in MHV-A59-infected WT
mice, indicating that this factor is not regulated by TLR2
and not involved in TLR2-exacerbated hepatic damage, in
spite of its worsening role in hepatitis outcome.

The present work with animal models of viral hepatitis
induced by two closely related serotypes of MHVs, high-
lights the complex interactions between surface TLR2 and
intracellular PRRs in the recognition of viral infections
and the induction of protective or worsening inflamma-
tory responses during acute infections. The use of the
MHYV3 model provided new insights into the aggravating
role of surface TLR2 in acute viral diseases. Activation of
surface  TLR signalling pathways has been recently
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associated with pathogenic processes in several viral infec-
tions. Indeed, TLR2 and/or TLR4 are involved in the
induction of inflammatory response in severe acute respi-
ratory syndrome virus, several herpesviruses (herpes sim-
plex virus 1, varicella virus, cytomegalovirus), influenza,
HIV, HBV and HCV infections.® '* In most cases, TLR2-
promoted inflammatory TNF-¢, IL-6 or chemokine IL-8
responses are mediated by macrophages.””'>'>!'” The
viral mechanisms involved in the activation of TLR2
inflammatory pathways are not clearly elucidated. The
ability of MHV3 viral proteins to bind and activate TLR2
signalling is not unique to coronaviruses. Indeed, HBV
and HCV core proteins were reported to induce TLR2-
dependent activation of nuclear factor-kB and p38 MAPK
and subsequent production of TNF-o, IL-6 and IL-12 in
macrophages.>' Hence, one could presume that activa-
tion of TLR2 by HCV/HBV core proteins could aggravate
hepatic inflammation and damage. In agreement with this
hypothesis, an up-regulation of TLR2 in the liver and on
monocytes, correlating with higher TNF-a levels and
necroinflammatory activity in the liver, was reported in
patients with hepatitis C.'*'” Our data demonstrate for
the first time that up-regulating the inflammatory activity
of TLR2 in the acute phase of viral hepatitis favours ful-
minant hepatitis. In humans, fulminant hepatic failure
(FHF) is an uncommon clinical condition characterized
by extensive hepatic necrosis, severe impairment of liver
function and a high mortality rate.'” The most recognized
causal agents of FHF are hepatitis viruses (especially
HBV) but several non-hepatic herpesviruses (herpes sim-
plex virus, cytomegalovirus and varicella virus) and drugs
were also associated with FHE.' The pathophysiology of
FHF is unclear but increasing evidence suggests that
regardless of the aetiological cause of FHF, the host’s
inflammatory response contributes to liver microcircula-
tory disorders and injury. Accordingly, macrophage acti-
vation and inflammatory cytokines were shown to play a
key role in FHFE.”>”> Moreover, the core protein from
HBV was suggested as a potential initiating factor in
patients with fulminant hepatitis B but mechanisms are
still elusive.”*”> Hence, we can propose that strong TLR2-
dependent activation of macrophages in the liver by viral
proteins from hepatitis or non-hepatitis viruses during
acute infection may predispose to FHF induction.

Work is in progress to further determine the mecha-
nisms involved in TLR2-dependent increase of inflamma-
tory responses and viral replication in infected
intrahepatic resident and recruited cell populations.
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